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Abstract 
The role of transparent conducting oxides (TCO) on the front side of amorphous/crystalline (c-Si) silicon 
heterojunction solar cells (HJ) is of great importance for high efficiency solar cells. They have to fulfil high 
transparency and high electrical conductivity. Then, device performance can be increased if an appropriate front side 
scheme is incorporated into the cell device because of a direct impact either on short-circuit current (JSC) and  fill 
factor (FF). Indium Tin Oxide (ITO) has demonstrated to be a very good candidate to get the best optical/electrical 
compromise: low resistivity values can be achieved thanks to relatively high free carrier concentration (Nd > 2·1020 
cm-3), though absorption in the IR range is still a limiting factor for high JSC devices. In this work, we introduce the 
laser treatments of ITO by Excimer laser annealing (ELA) as an interesting approach to improve the optical/electrical 
compromise of the material. First, we have studied the changes in material properties when irradiating with different 
laser conditions. Then, we have looked at the effect of these laser treatments on the passivation properties of HJ 
precursors. Finally, complete HJ solar cells have been fabricated with laser annealed ITOs at optimal conditions. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
HJ solar cells have demonstrated to be one of the most promising technologies since they allow very 
high efficiencies (23%) combined with a reduction of the fabrication cost as demonstrated by Sanyo [1]. 
A very important part of solar cells is the quality of the transparent conductive oxide (TCO) layers used in 
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the HJ structure. On the one hand, they assure the lateral collection of charges not permitted by the large 
sheet resistance of the very thin a-Si:H emitter layer. On the other hand, they also work as an 
antireflection coating in order to reduce the large reflectance losses due to the high refractive index of 
silicon. Moreover, they can also play an important role on the passivation because of the band-bending 
due to its work function. For these reasons, they have an impact on the three key parameters of the whole 
device: open-circuit voltage (VOC), short-circuit current density (JSC) and Fill Factor (FF). 
Nowadays, Indium and Zinc-based TCOs have demonstrated a good compromise of optical/electrical 
properties and have been used as the front-side of HJ solar cells [2-6]. Among them, Indium Tin Oxide 
(ITO) is the most commonly used as it is considered to entirely fulfil this role and assure high efficiency 
devices. Nevertheless, low temperature deposited layers (<200 °C) compatible with HJ technology are not 
completely crystallized and properties of such films can be further improved. Among approaches to 
improve the performance of this material, thermal annealing treatments by laser processing appear to be 
advantageous when locally re-crystallising the TCO and thus enhancing the electrical and optical film 
properties [7]. 
This paper aims at investigating the use of pulsed XeCl Excimer laser annealing at 308 nm of DC-
sputtered ITO thin films. This work especially focuses on the study of the optical and electrical properties 
on the laser treated samples, as well as their implementation into HJ solar cells. For that purpose, an 
extensive characterisation of laser annealed ITO layers has been performed, and the influence of the 
energy density on the a-Si:H passivation quality has also been studied. Finally complete HJ solar cells 
with the new irradiated ITO layers have been fabricated. 
2. Experimental details 
ITO films have been deposited from an ITO target containing 90 wt.% of In2O3 and 10 wt.% of SnO2 
using the DC-magnetron sputtering technique with different oxygen flow (ΦO) ranging from 0 to 3.5%. 
Substrate temperature has been fixed constant to 180 ºC and a mixture of argon and oxygen has been 
used. Samples on Corning glass and polished n-type c-Si have been used for material characterisation and 
ITO/a-Si:H/c-Si precursors have been fabricated to study the impact of the laser treatment on the 
passivation quality.  
ITO deposition conditions have been adjusted to prepare samples with various thicknesses and oxygen 
doping levels. Afterwards, they have been irradiated with laser fluences up to 1 J/cm2 by a pulsed XeCl 
Excimer laser (O=308 nm, W=150 ns). The laser beam is suitable for large area annealing (10x14 cm² 
already demonstrated) with excellent uniformity (±2%) thanks to a top-hat beam profile. 
Complete morphological, optical and electrical characterization has been performed by means of 
spectroscopic ellipsometry (SE), spectrophotometer, 4 probe resistance technique and capacity-voltage 
measurements. Besides, complementary XRD analyses have been performed. Passivation quality of HJ 
precursors has been tested by means of Quasi-Steady-State Photoconductance (QSSPC). 
All heterojunction solar cells have been fabricated on FZ randomly textured (n) c-Si wafers (<100>; 
180 μm; 1-5 Ω·cm) using an appropriate cleaning procedure. Devices were characterized by light current 
density-voltage measurement under AM 1.5, 100 mW·cm−2 condition at 25 °C. 
3. Results 
Results presented in Figure 1 show the variation of spectroscopic ellipsometry parameters and sheet 
resistivity (Rsheet) of ITO layers irradiated at different laser energy density. The point at 0 mJ/cm2 
corresponds to the reference ITO without any thermal annealing. As clearly observed in the graph, sheet 
resistance sharply decreases (from 500 to 8 Ω/□) starting from the lowest densities of energy, highlighting 
the strong influence of ELA on ITO. Likewise, SE data show no variation of refractive index, n, and 
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extinction coefficient, k, on the whole range for energy values up to 350 mJ/cm². Beyond this threshold, n 
and k values strongly decrease, which indicates the degradation of the optical properties of the annealed 
layer.  
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Fig. 1. SE and four point probe Rsheet measurements of laser annealed ITO samples (ΦO= 2.5%) as a function of energy density. n 
and k values at 633 and 1000 nm are plotted, as they are representative of the whole spectra of interest for HJ devices. The point at 0 
mJ/cm2 is the reference 
 
From these data, we can conclude that two regions are observed. The first one goes from 50 to 350 
mJ/cm2, where the resistivity is much lower than that of the reference and the optical parameters do not 
vary. The second region starts at energies above 350 mJ/cm2, where sheet resistance is even lower but 
most importantly, transmission is degraded for the whole spectral range (n index clearly decreases). 
Similar behaviour has been observed for the whole range of oxygen flow explored (ΦO=0 to 3.5%). 
Extensive characterization on work function (WF) has also been performed by means of capacitance-
voltage measurements. Measurements carried out on samples with two different oxygen contents, 
annealed at laser fluences ranging from 50 to 400 mJ/cm2 show no change in work function values for the 
whole energy range (ΔWF < 0.05 eV for both measurements). 
After understanding the behaviour of the material in function of the applied laser density of energy, 
we have fabricated HJ passivation precursors as shown in the inset of Figure 2. The measured implied 
VOC values for 4 selected energy densities are represented in Figure 2. As it can be seen, no degradation 
of the passivation is detected when irradiating the ITO at values lower than 200 mJ/cm2. Above this 
threshold, the interface between the a-Si:H layer and c-Si is modified and an important loss of about 50 
mV on implied VOC values is observed.  
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Fig. 2. Variation of implied-VOC values measured by the QSSPC technique on solar cells precursors as described in the inset for 
different laser fluences. A degradation of the passivation is observed for energies higher than 200 mJ/cm². The QSSPC value for the 
reference layer at 'impl-VOC=0 stays around 718 mV 
XRD patterns carried out on ITO samples irradiated at 100 mJ/cm2 and 200 mJ/cm2 show that 
although passivation quality of c-Si is not degraded, there is a subsequent change on their structural 
properties due to ELA treatment. Comparing XRD spectra depicted in Figure 3, an enhancement of the 
(222) peak of ITO is observed after laser annealing, indicating preferred orientation in the [111] direction. 
Likewise, the reference ITO shows a relatively intense (400) peak that is not present in the irradiated 
samples; the [111] and [100] directions seem not to coexist anymore.  
 
 
Fig. 3. XRD pattern for ITO irradiated at 100 and 200 mJ/cm2. Reference ITO (0 mJ/cm2) is given for comparison 
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Based on these results, we have finally fabricated complete HJ devices on textured substrates and we 
have irradiated the samples with adapted laser fluences (see Table 1).  
 
Table 1. Output characteristics of HJ solar cells irradiated with different laser fluences 
 
Energy density 
[mJ/cm2] 
Before laser annealing After laser annealing 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
η 
[%] 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
η 
[%] 
40 36.4 715 78.3 20.4 36.2 715 78.3 20.3 
60 36.2 712 77.7 20.0 36.3 712 77.4 20.0 
80 36.1 712 76.1 19.6 36.2 712 75.9 19.5 
150 36.3 685 76.4 19.0 36.2 686 76.3 19.0 
 
Experimental data at cell level show no change on device performance when irradiating the solar cells at 
any of the selected laser energies. In spite of the enhancement of the optical and electrical properties of 
ITOs by ELA, neither the FF nor the efficiency has been improved. This indicates that the electrical 
carriers are not conducted laterally through the laser-treated low resistive surface, but through the volume 
where there is no re-crystallisation of the TCO layer or the interface TCO/a-Si:H. More advanced 
characterization of the interface a-Si:H/TCO is needed to elucidate about transport mechanisms in HJ 
structures and the role of this interface on the final device. Moreover, it still not clear how the alignment 
of the TCO band structure with that of the doped a-Si:H layers underneath affects carrier transport 
vertically [8].  So, not only the a-Si:H/TCO interface  must allow for efficient band-to-band tunneling, 
where holes collected from the c-Si base into the p-type a-Si:H layer recombine with electrons from the 
TCO [9]. It also appears to be critical for the lateral collection of charges on the front side of HJ solar 
cells. 
4. Conclusions 
Thermal treatment of TCO layers by large area excimer laser annealing has been investigated as an 
approach to enhance the TCO properties. Optical and electrical properties of laser annealed ITO samples 
with various thicknesses and oxygen doping concentrations have been studied.  
ELA of ITO samples leads to improved optical and electrical properties under specific energy 
densities. Taking into account that laser annealed ITO will be part the front contact in heterojunction solar 
cells, an evaluation of the effect of laser treatment on the passivation properties of a-Si:H/c-Si HJ 
precursors has been done. A threshold laser fluence of 200 mJ/cm2 has been found from which 
passivation quality is degraded. 
Heterojunction solar cells fabricated using laser annealed ITO show no change on device 
performance, although optical, electrical and structural properties of TCO have been modified. These 
results aim a deeper study on novel structures based on double-layered TCO, where the comprehension of 
conduction mechanisms taking place in the material will be examined. Furthermore, these results are also 
in line with cost reduction objectives as a lower sheet resistance enables wider metal grid spacing, with a 
multiple cell benefit: a reduction in shadowing losses (therefore a larger JSC), a reduction in silver paste 
consumption, and a gain in efficiency.  
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